Objectives-The ability to plot the inferior vena cava (IVC) size on a normal curve for pediatric patients may prove beneficial. First, in patients with normal cardiac anatomy who present in shock, assessing IVC size may be valuable for evaluating the degree of dehydration. Second, in children with heart disease, understanding how a child's IVC size compares to normal could be particularly beneficial for patients with right heart disease. We sought to create normal curves for the IVC and aorta in children younger than 6 years.
and adequate resuscitation. Diagnostics that allow the bedside clinician to quickly assess a patient's hydration status can be invaluable in both the national and global settings. 3 The traditional methods of assessing the hydration status include physical examination, laboratory studies, and measuring the central venous pressure. The accuracy of the physical examination can vary according to the bedside practitioner's skills and level of expertise. 3, 4 Laboratory studies and evaluation of the central venous pressure are both invasive diagnostics that can be challenging in the pediatric patient and may be inaccessible depending on the resources of a specific medical facility. An ultrasound (US) evaluation of the inferior vena cava (IVC) collapsibility index has proven to be an excellent noninvasive method of evaluating hydration in adult patients. 5, 6 An absolute IVC size of 1.5 to 2.5 cm with collapsibility of greater than 50% on respiration is consistent with hypovolemia in adult patients. 6 However, to our knowledge, no normative IVC size charts exist for pediatric patients to apply the IVC collapsibility index in a hypovolemic child. Having access to such a tool could prove valuable in multiple settings as US examinations are becoming more prevalent because of their broad diagnostic capabilities in both high-and low-resource settings. Other studies have evaluated the IVC-to-aortic ratio to determine dehydration in pediatric patients, since the IVC will grow and vary with age. In these studies, a cutoff of 0.8 for the IVC-to-aortic ratio had variable results. 3, 7, 8 Normative IVC data can be crucial for patients with congenital heart disease as well. Such normative data can be important for assessing right heart dysfunction, which is often present in patients with heart disease. Specifically, if normative IVC data existed, patients with dilated IVCs could be identified. This noninvasive diagnostic method could indicate dilatation as a result of diastolic dysfunction of the right ventricle or right atrial hypertension from other causes. An increasing IVC diameter in adult patients with chronic heart failure can be a poor prognostic indicator. 9 Along with patients with heart disease prone to right heart dysfunction, such as those with tetralogy of Fallot or cardiac transplants, normative IVC data could be valuable in patients with a single ventricle as well. Specifically, for patients who require a Fontan (inferior cavopulmonary anastomosis) procedure, present recommendations do not account for the IVC diameter. 10 It is unclear how the IVC of patients with a single ventricle compares to that of patients with normal cardiac anatomy. Inferior vena cava dilatation after a Fontan procedure may also prove to be an ideal predictor of those patients who are prone to developing protein-losing enteropathy. 11 However, few studies to date have reported standardized sizes for right heart structures in pediatric patients. Having such standard normal curves based on a large subset of healthy children, including neonates, could support and guide clinical decision making in pediatric cardiology patients. 12 Several recent studies have reported normative IVC values in pediatric patients but focused on neonates or older patients and reported on relatively small numbers of patients. [13] [14] [15] Other studies have evaluated both IVC collapsibility and the IVC-to-aortic ratio to assess the hydration status in the pediatric patient. 3, 7, 8, [15] [16] [17] [18] The purpose of this study was to develop normal curves for the IVC and aorta for children younger than 6 years and to determine how often the IVC-to-aortic ratio is less than 0.8 in normally hydrated children to establish future utility in identifying substantially dehydrated patients.
Materials and Methods

Patient Population
The Lucile Packard Children's Hospital Heart Center database was queried retrospectively to identify all eligible patients. From January 2002 to February 2013, children up to 6 years of age who were referred to the outpatient cardiology clinic for an echocardiogram to evaluate a heart murmur constituted the study cohort. Patients older than 6 years, those with the presence of congenital heart disease, those with an interrupted IVC, and those with inadequate or missing data were excluded. The electronic medical record was reviewed for each patient to determine whether there was any medical condition that would also meet exclusion criteria. Each patient's age, sex, ethnicity, body mass, height, and body surface area according to the Mosteller formula were collected. In an effort to ensure that the patients included in this study had normal height and mass, both measurements were compared to reference standards. 19 The study protocol was approved by the Stanford University Institutional Review Board (protocol 26984), and no informed consent was required.
Echocardiographic Data
Echocardiographic studies were performed when deemed necessary by the cardiologist as a part of a patient's heart murmur evaluation. The US equipment used for the echocardiographic studies was either an Acuson Sequoia C512 system (Siemens Medical Solutions USA, Inc, Mountain View, CA) or an iE33 system (Philips Healthcare, Bothell, WA). Professionally trained sonographers obtained all of the images analyzed for this study.
All Digital Imaging and Communications in Medicine images were stored, and measurements of vascular structures were conducted on a syngo Dynamics workstation (Siemens Medical Solutions USA, Inc) by the investigators. Subcostal imaging was performed for all echocardiograms in accordance with the American Society of Echocardiography standards, 20 and only the highest-quality images were used. To minimize the influence of the body position on IVC size and per the imaging protocol, all images were obtained in a supine position with minimal force to prevent IVC compression. 13, 17, 18, 21 From the subcostal long-and short-axis images, maximum diameters in the transverse and longitudinal views were obtained for both the IVC and the aorta for all children included in the study. The investigator scrolled carefully through each 2-dimensional image capture to establish the maximum diameter within a 2-beat loop. The IVC diameter was measured above the junction of the hepatic veins and below the diaphragm (Figure 1 ), per the recommendations of the American Society of Echocardiography Pediatric and Congenital Heart Disease Council recommendations. 22 The aortic diameter was assessed 5 to 10 mm proximal to the celiac trunk at the level of the diaphragm (Figure 2 ), similar to other studies. 17 The percentage of patients with an IVC-to-aortic ratio of less than 0.8 was established, given that other studies established this cutoff as a marker of dehydration. 7, 8 A second observer, who was blinded to the results of the initial echocardiographic results, independently measured the IVC and aorta in the axial and long-axis planes on a subset of 10% of patients. The impact of spontaneous breathing was not examined in this study, given its retrospective nature.
Statistical Analysis
All continuous data were described as mean 6 standard deviation or median and range when appropriate. Linear and nonlinear regressions were conducted on each echocardiographic measurement versus each body measurement or age to establish the best model for characterizing changes with growth in the population. The median age of patients with an IVC-to-aortic ratio of less than 0.8 was compared to those with an IVC-toaortic ratio of greater than 0.8 by the Wilcoxon signed rank test. Intraclass correlation coefficient measurements were conducted on 10% of the patients to determine interobserver variability for both IVC and aortic measurements. P < .05 was considered statistically significant. All statistical calculations were performed with SAS Enterprise Guide version 4.2 (SAS Institute Inc, Table 1 lists the median age, height, mass, body surface area, sex, and ethnicity characteristics for the cohort, and Table 2 provides the average measurements of vessel structures, which were feasible in most of the cohort. The height and mass for the cohort did not deviate from established normal values (Appendix 1).
Results
Patient Population
Between January 2002 and February 2013, 574 patients were identified and reviewed after the query of the Lucile Packard Children's Hospital Heart Center database; however, 227 were excluded secondary to abnormal echocardiographic findings, a clinical history of dehydration, or other medical problems determined from the electronic medical record. Thus, 347 patients met inclusion criteria with normal intracardiac anatomy.
Echocardiography
A linear model provided the best fit for all assessments compared to nonlinear models. The IVC dimension increased linearly with the body surface area (Figure 3 ), body mass, and age (Appendix 2) in both the axial and longitudinal planes. All body measurements correlated excellently with IVC dimensions (Table 3 ; r 5 0.76-0.81; P < .0001). Similarly, aortic dimensions increased in a linear fashion with the body surface area (Figure 4 ), body mass, and age (Appendix 3) and correlated well in both the longitudinal and axial planes (Table 3 ; r 5 0.79-0.86; P < .0001). However, the ratio of the IVC to aortic longitudinal dimensions correlated modestly with body dimensions but still appeared to increase with age (r 5 0.51-0.54; P < .0001). Of note, 200 of the 347 patients had an IVC-to-aortic ratio of less than 0.8. The median age of patients with an IVC-to-aortic ratio of less than 0.8 was 0.2 years, whereas patients with a ratio of greater than 0.8 had a median age of 2.8 years (P < .0001). Equations necessary to derive z scores for the IVC can be found in Table 4 . Table 5 shows the interobserver variability for 35 patients, which constituted 10% of the entire cohort. The interobserver intraclass correlation coefficients ranged from 0.79 to 0.90, and variability was noted to be good for all 4 echocardiographic measurements that were obtained by the second observer, who was blinded to the results of the initial measurements.
Discussion
Establishing whether the IVC measures normal in size with a growth chart can be of importance in pediatric patients with profound shock or congenital heart disease. In our study, we evaluated and established normative Figure 2 . A, The long-axis abdominal aorta measurement (white line) was obtained at the level of the diaphragm, which was proximal to the celiac axis. B, The short-axis measurement of the aorta was obtained toward the leftward aspect of the spine and measured in this location (white line) along the axial scan lines.
IVC data for 347 patients younger than 6 years. As can be noted from Appendix 1, the patients included in the study fell between the 5th and 95th percentiles for body mass and weight and were therefore a representation of the pediatric population in this age group. Figure 3 and Appendix 2 further demonstrate that IVC growth follows normal growth patterns of children and has a linear increase as the patient's mass, height, body surface area, and age increase. The correlations of these variables were good, given r values of greater than 0.75 (P < .0001; Table 3 ). The aorta also showed a similar growth pattern, as displayed in Figure 4 and Appendix 3. Based on these graphs, the normal IVC size can now be easily determined for a young pediatric patient based on age, mass, and body surface area. A similar tight correlation was found for aortic measurements and patient size. In this study, we present standardized curves for normal pediatric IVC and aortic sizes for children younger than 6 years. The reproducibility of these aortic and IVC measurements from both planes was good.
We also evaluated the IVC-to-aortic ratio in this study population and, specifically, the number of patients with a cutoff of less than 0.8. We found that Values are reported as median (range) where applicable. greater than 50% of patients met this criterion, with nearly all of those patients being younger than 3 years. We presume that since all patients included in the study presented for an outpatient appointment for a routine evaluation without other illnesses and were not required to receive nothing by mouth, they would be normally hydrated. Despite a normal hydration status, many patients met the US IVC-to-aortic ratio criteria to be considered dehydrated in previous studies. 3, 7, 8, 17 Our findings reflect previous studies that showed specificity ranging from 56% to 71%. 3, 7, 8 Our data would suggest that an IVC-to-aortic ratio of less than 0.8 as reflective of severe dehydration may be most beneficial to pediatric patients older than 3 years. Since all echocardiographic Stenson et al-Inferior Vena Cava and Aortic Measurements for Young Children examinations in this study were conducted by professional trained sonographers, we cannot attribute this finding to user inexperience. To our knowledge, this work is the largest study reporting on normative IVC data for children younger than 6 years to date (n 5 347). Previous studies reported normal IVC sizes with smaller study populations ranging from 25 to 120 children. 13, 14, 21 These studies also failed to enroll the youngest age groups, given age ranges of 1 to 18 years (mean, 8.3 years), 21 13 months to 20 years (mean, 8.5 years), 14 and 2 to 22 years (mean, 11 years). 13 We focused on a younger cohort, which may be of greater benefit. Children younger than 5 years are the primary group affected by diarrhea and dehydration leading to mortality. In addition, Fontan procedures for patients with a single ventricle generally occur by age 4 years. Therefore, children younger than 6 years are the pediatric group for whom measurements of normative IVC data are most beneficial and most relevant to the bedside clinician.
Limitations
This work was a single-center retrospective study in which data were collected from patients undergoing evaluations for a murmur and was not conducted to specifically determine the hydration status or normal IVCto-aortic size ratio. Given the outpatient nature of the echocardiographic examinations, we presumed a normal hydration status for the patients, which may or may not have been accurate. Spontaneous breathing effects on the IVC could not be examined because of the retrospective nature of the study. The echocardiographic examinations were performed by multiple practitioners and not conducted by a single practitioner, which may have introduced some variability in the US technique. Finally, the very thin-walled IVC in neonates has substantial collapsibility, which may have adversely affected the results. However, since all of the sonographers conducting the studies were trained pediatric echocardiographic technicians, an appropriate technique would have been maintained to minimize vessel collapse.
Conclusions
In this study, we present standardized normal IVC and aortic curves for pediatric patients younger than 6 years. Our study focused on this age, since these are the children at greatest risk of dehydration and hypovolemic shock. The IVC and aorta show linear growth as the child's mass, body surface area, and age increase. It is unclear whether an IVC-to-aortic ratio of less than 0.8 accurately reflects severe dehydration in a younger pediatric patient, and perhaps a lower cutoff value would be more predictive of hydration status. Future studies should focus on whether the IVC-to-aortic ratio has a greater sensitivity and specificity in children older than 3 years. Future studies are also required to evaluate whether the IVC collapsibility index can be accurately applied in pediatric patients to determine the hydration status now that normative IVC diameters exist for this age group.
